Species diversity and vegetation health are two critical components to be monitored for sustainable forest management and conservation of biodiversity. The present study characterizes species dominance and α-diversity of a forest for the selected region in Mudumalai Wildlife Sanctuary (MWS), Western Ghats, which represents one of the most economically important forest types in India -the tropical dry deciduous forest. NASA's Next-Generation Airborne Visible and Infrared Imaging Spectrometer (AVIRIS-NG) data at spectral resolution of 5 nm and spatial resolution of 5 m were used to analyse the forest matrix. Biodiversity (α-diversity) map thus generated from airborne platform over 14.5 sq. km area mostly represents the forest tree species diversity. Dominant tree species in the study area were also mapped using AVIRIS data for 21.7 sq. km. Canopy emergent dominant species, viz. Anogeissus latifolia, Tectona grandis, Terminalia alata, Grewia tiliifolia, Syzygium cumini and Shorea roxburghii were classified using spectral angle mapper technique and image-based spectra in the MWS study site. The study shows that nearly 40% area is dominated by A. latifolia and 27.5% by T. grandis in the study site. This study concludes that AVIRIS data can be used in the delineation of species and α-diversity mapping at community level; however, the accuracy achieved for species classification is moderate (60%) due to intermixing of species in the study area. For the Shimoga study site in Karnataka, the field spectra were collected using a spectroradiometer and used for the classification for the three dominant tree species using absorption peak decomposition technique. Fieldcollected pure spectra were analysed and species-wise absorption peaks (Gaussian) with central wavelength, peak amplitude and dispersion were used as the endmembers for classification. AVIRIS-NG data over Shoolpaneshwar Wildlife Sanctuary (SWS) study site used for fuel load estimation with narrow band indices calculated from AVIRIS-NG datasets. AVIRIS-NG data for MWS and Shimoga study site were collected during 2 and 5 January 2016, while for SWS site data were collected on 8 February 2016.
Introduction
SUSTAINABLE management of forest ecosystems and biodiversity conservation necessitates explicit knowledge of the spatial distribution of species. Remote sensing data from the earth observation systems have played an increasingly important role in mapping forest types and broad-scale patterns of forest change [1] [2] [3] , but have poor capability of discriminating species in case of diverse tropical forests. The description of spatial heterogeneity of tropical forest ecosystems requires very high spatial resolution and high spectral resolution imaging so as to discriminate target species. Understanding and analysis of seasonality in terms of tree phenology is a major parameter in distinguishing species, as it changes the chemical (pigments)-structural properties (phyllotaxy) that influence their spectra 4 . A guiding hypothesis driving spectral species discrimination is that, species differ in chemistry and structure enough to create consistently unique and detectable spectral signatures among them at one or multiple times through a year. Canopy architecture of the tree is described by leaf area density, leaf and branch zenith angles, leaf shape, internal anatomy, and leaf and branch surface roughness. Any difference in canopy architecture causes different tree species to have different reflectance spectra.
Spectral variation among tree species is primarily controlled by their tissue chemistry, structure and changes in these factors through time 5, 6 . The reflectance of light from a vegetated ground surface is determined by several factors, such as leaf and canopy geometry, morphology, plant physiology, plant chemistry, soil type and climatic conditions 7 . Vegetation reflectance is primarily influenced by the optical properties of plant materials (including proteins, lignin, cellulose, sugar, starch), which are composed largely of hydrogen, carbon, oxygen and nitrogen. Chemical properties of tissues such as leaves, flowers, fruits and woody branches produce distinct absorption features in reflectance spectra. The absorption bands observed in vegetation arise from vibrations of C-O, O-H, C-H and N-H bonds as well as overtones and combinations of these vibrations. In green leaves, photosynthetic (chlorophyll) and accessory pigments (particularly chlorophyll a and b, carotenoids and xanthophylls) dominate absorption features in the visible spectrum (VIS: 400-700 nm) 8 and water produces absorption features in the near-infrared (NIR: 700-1327 nm) at 970 and 1200 nm respectively 9, 10 . In the shortwave infrared (SWIR: 1467-2500 nm), relatively low reflectance and strong absorption by water in green leaves often mask other chemical absorption features such as lignin, cellulose and nitrogen, that can otherwise appear in dry tissues 9, 11 . Healthy green vegetation is characterized by low reflectance of blue and red light (absorbed by chlorophyll for photosynthesis), and higher reflectance at green wavelength regions. Absorption in the red region at 680 nm and a rapid increase in reflectance from 680 nm to 780 nm are known as the 'red edge' 12, 13 , which often forms an extreme slope. The spectral difference between green and dying (or chloritic) leaves occurs primarily in the region of 400-800 nm (ref. 14) , as absorption of incident light by chlorophyll decreases. As chlorophyll content begins to decrease with stress, leaf reflectance increases initially at the chlorophyll absorption band of 610, and then at 690 and 710 nm. Dry vegetation lacks chlorophyll and intense water absorption.
A number of studies have indicated the advantages of narrow-band data to obtain the most sensitive information on species-level discrimination using lab spectra 15, 16 , airborne spectra 17, 18 and spaceborne spectra [19] [20] [21] by applying different classification algorithms. Hyperspectral remote sensing has the potential to resolve the spatial and spectral discrimination problems and to provide a biophysically based approach for mapping biodiversity 17 . Most of these hyperspectral studies were carried out for boreal and temperate forest ecosystems. These areas are relatively more homogeneous compared to tropical forests. The tropical forests having high plant species diversity, leading to high spectral diversity as well.
Studies have shown that the Hyperion imaging spectrometer on-board the Earth Observing One (EO-1) satellite has provided significantly enhanced data over conventional multispectral remote sensing systems 22, 23 . This has led to improved mapping of forest vegetation characteristics such as biochemical-biophysical quantities 24 and species discrimination 25 . Development of baseline spectral data and tools for the characterization and detection of tree species as a function of hyperspectral characteristics was identified as the priority area of remote sensing research in tropical forests before a decade ago 26 . However, successful studies based on Hyperion are limited because of intermixing of individual tree crowns at 30 m spatial resolution. Improved spatial resolution of hyperspectral imagery generally overcomes the intermixing issues of individual species in complex forest ecosystems. Presently, the increased spatial resolution in the hyperspectral domain is mostly from aerial or drone platforms. Airborne visible infrared spectrometer (AVIRIS) data have been used for urban tree mapping, invasive species mapping and understanding the canopy chemistry and nitrogen cycle [27] [28] [29] . Xiao et al. 27 used AVIRIS data for urban forest tree species mapping. Asner et al. 30 used AVIRIS data for invasive species mapping in Hawaiian forests. Goodenough et al. 31 studied AVIRIS hyperspectral imagery for forest parameter estimation and found AVIRIS data suitable to estimate some forest stand parameters. Gamon et al. 32 used AVIRIS hyperspectral imagery to evaluate spatial patterns of vegetation type, productivity and potential physiological activity. In principle, images recorded by airborne or satellite-based sensors can be obtained at reasonably frequent intervals, at desired spatial and spectral resolutions. However, an airborne hyperspectral imaging instrument can collect data at 3-4 m spatial resolution with smaller area coverage compared to a spaceborne instrument.
Hyperspectral analysis of the vegetation provides detailed understanding of the phenology, which in turn is influenced by the climatic regimes, and hence the spatial patterns and processes of vegetation also need to be addressed in terms of climatic variability such as rainfall. Rainfall variability has significant impact on vegetation growth. Tree species exposed to environmental variability over longer timescales show distinctive response towards cyclical events such as rainfall. Responses amongst deciduous species include start of season, end of season and variability in the duration of active green leaf phase. Monitoring of tree species phenological changes is not only important to understand the cyclical behaviour of the species to changing climate, but also to ascertain the feedback mechanisms impacted by climate 33, 34 . There are few reports available regarding this for tropical deciduous regions of the world, and Wolkovich et al. 35 highlighted the importance of research with a focus on collecting data about phenology and investment strategy outside temperate mid-latitudes. Species were classified directly from hyperspectral reflectance spectra based on leaf spectra, typically involving a data reduction/feature extraction step, including principal component analysis (PCA) and wavelet transforms, stepwise band selection and narrowband indices, that seek to reduce noise and target discriminating spectral features. These reduced sets of predictor variables have been used with supervised classifiers, including spectral angle mapper, maximum likelihood, decision trees, neural networks, log linear, quadratic and k-nearest neighbour [36] [37] [38] [39] [40] . Hyperspectral remote sensing of tropical forests is still new, with only a few studies in the published literature 41 . Féret and Asner 41 developed an unsupervised method to estimate the diversity and similarity in species composition. These findings are the first direct and spatially explicit remotely sensed estimates of alpha and beta diversity of tropical forests. In this study we quantify the α-diversity of a forest by estimating Shannon-Weiner index H′ for the selected region. Six canopy-dominant emergent species in the study area were mapped using AVIRIS data. We also analysed the AVIRIS-NG hyperspectral bands based on vegetation fuel load indices.
Study area
The study was carried out in three sites to demonstrate the uses of AVIRIS-NG datasets for forestry applications. These sites are: (1) Mudumalai Wildlife Sanctuary (MWS), Tamil Nadu; (2) Shoolpaneshwar Wildlife Sanctuary (SWS), Gujarat and (3) Shimoga Forest (Karnataka). Table 1 provides details of the study sites.
MWS is dominated by tropical deciduous forest. It lies on the northern and northwestern side of the Nilgiris, Tamil Nadu, Western Ghats between 11°32′ and 11°43′N lat. and 76°22′ and 76°45′E long. (Figure 1 ), covering an area of 321 sq. km. The terrain is undulating, with elevation ranging from 440 to 1260 m amsl. Rainfall varies from 600 mm in the east to 1800 mm in the west. Geologically, the rocks are of peninsular gneiss. Due to both topographic and climatic variations, the site is considered as unique in its distribution of species composition and biodiversity. According to Reddy et al. 1 there are four main forest types in the sanctuary: tropical semievergreen, tropical moist deciduous, tropical dry deciduous and southern tropical thorn forest.
AVIRIS-NG data over SWS were used for fuel load estimation applying the vegetation parameters. The study site is situated between 21°30′51″ and 21°52′55″N lat., 73°38′55″ and 73°44′52″E long. covering approximately 397 sq. km area. The sanctuary has two distinct forest types, viz. southern tropical moist deciduous forest and southern tropical dry deciduous forests 42 . AVIRIS-NG data over Shimoga Forest Division situated between 13°50′ and 14°10′N lat., 75°15′ and 75°35′E long. were used for species mapping employing the absorption peak decomposition technique.
Materials and methods
In the present study, AVIRIS-NG data have been utilized for species dominance mapping utilizing image-based spectra, species diversity index mapping, forest species mapping with ground spectra collected using ASD spectroradiometer, forest fuel load estimation and understanding leaf phenology with respect to rainfall. Data used and methodology are explained in following sections.
AVIRIS-NG data used in this study have 425 narrow continuous spectral bands in the VNIR and SWIR regions in the range 380-2510 nm at 5 nm interval with high SNR (signal-to-noise ratio, >2000 at 600 nm and >1000 at 2200 nm), with accuracy of 95% having FOV (field of view) of 34° and IFOV (instantaneous field of view) of 1 m rad. ENVI and MATLAB were used for data processing. The AVIRIS-NG data were distributed in an ENVI-compatible format: each image was a binary image 'cube' with a detached ASCII header file.
Data used
About 21.7 sq. km area in MWS was selected for species mapping using AVIRIS hyperspectral data. A subset of 14.5 sq. km was used for mapping α-diversity. The study area represents tropical dry and moist deciduous forest. Hyperspectral AVIRIS-NG (NASA's Next-Generation Airborne Visible and Infrared Imaging Spectrometer) data at spectral resolution of 5 nm and spatial resolution of 5 m were used in the present study for species dominance and α-diversity mapping at MWS. Table 1 gives the date of AVIRIS data acquisition. Anogeissus latifolia, Terminalia alata and Tectona grandis have low leaf area due to deciduous condition as part of vegetative phenological cycle.
AVIRIS data for SWS were also used to study the phenological behaviour of four dominant species at SWS and MWS with respect to annual rainfall. Rainfall datasets for MWS and SWS study sites were obtained from TRMM and PERSIANN. AVIRIS data for SWS were analysed for fuel load estimation using narrowband vegetation indices. AVIRIS data acquired over Shimoga Forest were used for species mapping with field spectra for three species collected using an ASD spectroradiometer during the field survey.
Field data
Field inventory data collected at 21 sample plots (each 0.1 ha) were used to identify dominant species in the Mudumalai Wildlife Sanctuary. Geographic coordinates of each sample plot were collected using GPS. Sample plots were chosen based on distribution of vegetation communities, according to earlier studies in the region 43 . The data on GBH (girth as breast height), height and species names were recorded at each plot. Reflectance spectra were collected 19 tree species in Shimoga Forest for species mapping in the region. Reflectance measurements were done using an ASD spectroradiometer (350-2500 nm) during field survey. The sensor with FOV of 25°, was placed 30-40 cm above the samples at nadir position. Prior to each measurement, a white reference panel with approximately 100% reflectance was used as a reference standard. At least 8-10 spectral signatures were taken for each species and average of these spectra was taken as reflectance spectra for that particular species.
Dominant species mapping at MWS study site
Species information collected during field survey was used to identify dominant species at the MWS study site. AVIRIS-NG images for the given area were used to collect the image spectra for the corresponding species class using geographic location of the plot in the image. Analysis was focused on canopy emergent individuals of tree species of the study site dominated by A. latifolia, T. alata, G. tiliifolia, S. cumini, S. roxburghii and T. grandis. Spectral angle mapper classification technique was used for species mapping employing image spectra. Image spectra for six dominant species were used for mapping. Additional data of 15 plots were used for validation of species dominance map. Validation of the classification is limited by geographic location accuracy of handheld GPS; use of differential GPS (DGPS) will further improve the accuracy. 
Alpha-diversity mapping
The following methodology was applied to the atmospherically (based on modified ATREM algorithm) 44 corrected georeferenced AVIRIS-NG datasets of the MWS region:
(1) Among 425 bands, the high-noise bands (water vapour absorption bands) were omitted (44 bands) from the dataset by visual interactive observation at the ENVI image analysis software; the remaining 381 bands were used for further analysis.
(2) PCA was applied to the spectral data. The first ten principal components (PCs) explained 99.827% of the variance in the datasets and hence only these were used to decrease spectral dimensionality.
(3) A subset of pixels was randomly selected from the entire mapped landscape. The spectral space (PCs) containing this subset was partitioned into spectral species using k-means clustering (k = 10 was assumed based on field data), and the location of the centroid of each spectral space was saved.
(4) The hyperspectral data were gridded in 100 m × 100 m kernels. Within each mapping unit, every image pixel was assigned to a given spectral species based on the minimal Euclidean distance between the pixel and the previously defined centroids.
(5) Shannon-Weiner index was also calculated from field inventory data (six plots of 0.1 ha each). These values were used to calibrate Shannon-Weiner index calculated from AVIRIS-NG data (Figure 2 ). The linear regression between field measured H′ and AVIRIS-NG measured H′ gave an R 2 of 0.865 ( Figure 3 ). (6) Ground-calibrated Shannon-Weiner index map was generated using regression equation and AVIRIS-NG calculated H′ index.
(7) Major limitations in this methodology are as follows: (a) The sensor is only able to see top and dominant canopies; so sensor-derived H′ is a measure of the same, while calibration is done with H′ derived from plot data which comprise a larger set of trees. (b) Trees which are smaller that the pixel size can get totally redundant. Also, several pixels will have mixed signatures coming from more than one tree, which will be assigned a spectral species with the most dominant signature. So these studies are spatial resolution-specific. (c) The study requires prior ground knowledge, both for calibration purposes and for running k-means clustering (number of species noted on the ground is used as an input).
Absorption peak decomposition technique
Spectra of three dominant tree species (T. grandis, Dalbergia latifolia and Lagerstroemia lanceolata) were collected in the Shimoga study site. Spectra were filtered, smoothened and shoulders of absorption peaks were estimated for hull (continuum). Normalized continuumremoved spectra were generated according to the following equation for further analysis
where R C (λ) is reflectance of the continuum; R T (λ) the reflectance from the target and C is the normalized continuum-removed spectrum. Reflectance from vegetation is dominated by absorption features of plant pigments like chlorophyll a and b, carotenoids, lignin with nitrogen, cellulose, protein and water. As different tree species have different amounts of pigment present in the vegetation, the peak centre, peak amplitude and peak width will also be different. Thus, each species has a set of absorption peaks, which is unique. Peaks having amplitude less than 0.05 were not considered as a member of the peak set. Smaller amplitude of absorption peak makes it difficult to discriminate the species, hence peaks having smaller amplitude are not considered. As observed in Figure 4 a, these normalized spectra are very broad and skewed to contain number of hidden children peaks. It is well documented in the field spectroscopy that these types of hidden peaks are in general Gaussian in nature. Normalized broad peaks are decomposed into a number of hidden peaks using parametric nonlinear least square fitting approach. It is observed that each of these broad peaks inherits 2-3 hidden peaks with varying parameters (peak amplitude, centre and standard deviation). In Figure 4 b, decomposed peaks are shown inside the broad normalized spectrum. These peak parameters pertaining to the species are considered for final 'endmember parameters' selection. Using the same procedure, a set of peak parameters for three species is made and termed as endmember-1 to endmember-n. Unique and non-overlapping set of peak centres and associated parameters like amplitude and dispersion, is finally assigned as 'endmember parameters'. By comparing the results of different Vegetation Indices (VIs) in a particular category, and correlating these to field conditions measured on site, we could assess that the above indices are likely to perform better and also well-suited for modelling the variability of fuel load in a given area. These indices were used in mapping relative amounts of vegetation components, which were then Figure 4 . a, Vegetation spectrum of a sample target, peak shoulders, continuum and normalized spectrum. b, Normalized spectra decomposed to maximum possible Gaussian peaks which are hidden within the broad peak. integrated through overlay analysis in terms of assessing fire fuel load. To calculate fire fuel, we first computed the narrowband greenness indices and selected MRENDVI. Further, indices indicating level of canopy water content were evaluated and MSI was found most suitable. Lastly, the indices indicating dry vegetative material were evaluated and PSRI was found most suitable. Equal weightage was given to one representative from each category and values were stretched from 1 to 9 (ten classes), with 9 being the most heavily loaded with fuel.
Fuel load estimation using narrowband vegetation indices

Results and discussion
About 32 tree species were recorded across the sample sites in MWS. Table 2 gives the importance value index (IVI) for species calculated based on field-measured parameters. Dominant species in terms of IVI were A. latifolia followed by T. grandis, T. alata and S. roxburghii. The biodiversity map developed is mostly contributed by reflectance from woody tree species only.
Dominant species mapping
Spectral Angle Mapper (SAM) technique was used for species dominance mapping. It is a physically based spectral classification that uses an n-D angle to match pixels to reference spectra. The algorithm determines spectral similarity between two spectra by calculating the angle between the spectra and treating them as vectors in a space with dimensionality equal to the number of bands 46 . Species IVI was calculated using field measurements and top six most important species were selected for dominance classification. Image spectra collected for these species were used for dominance classification employing SAM technique. Figure 6 shows SAM classified species map. Table 3 gives the area covered under dominant species. SAM classification shows that nearly 40% area is dominated by A. latifolia and 27.5% by T. grandis. Ground-truth data from 15 plots were used for map validation. SAM technique could classify the dominant species with 60% accuracy.
Alpha diversity mapping
From the histogram of Shannon-Weiner index map of the region (Figure 7) , we conclude that it had H′ ranging from 1.5 to 3.75, with maximum number of pixels falling in 3.15-3.25 bins.
Comparison between the generated Shannon index map and the AVIRIS imagery (Figure 2 ), clearly shows that alpha diversity is more in regions which are relatively mesic, consistent with earlier findings for the region 39 . The converse is also noted (bottom right part of the map), i.e. exceptionally dry regions (with visibly dry soil) have much lower H′ than their surroundings. Such studies help us in understanding the driving forces behind tree species diversity.
Absorption peak decomposition technique
AVIRIS image over Shimoga study site was filtered and then normalized continuum-removed spectrum for every pixel was generated. As per the 'endmember parameters' of each species, calculated from ASD spectrum analysis, a lookup table was generated. Each pixel was assigned a class according to the lookup table if the band parameters, particularly the peak centres matched. The weightage of that pixel was given as per the peak amplitude.
Leaf phenology and rainfall
At the two sites, viz. SWS and MWS, rainfall variability is significantly different. Rainfall dataset obtained from TRMM and PERSIANN (compared at site level) not only showed a difference in mean annual rainfall, but also variability in the number of months of rainfall (Table 4 ). Field observations showed variability in tree species density and diversity distribution between the two sites, highlighting the impact of rainfall variability. Leaf phenology of common species at both the sites showed variability. This is evident in the spectra extracted from AVIRIS-NG dataset. Spectra of four tree species considered (A. latifolia, G. tiliifolia, T. grandis, T. tomentosa), showed distinctive patterns at both the study sites ( Figure  8 ). At SWS, a dip in the chlorophyll absorptive region is much lesser than at MWS. It is different for all the four species at SWS, while it is similar for all of them at MWS.
Though there is a 15-day gap in the data acquisition of both the sites, vegetation indices of MRF reveal that higher rainfall ensures better Gross Primary Productivity (GPP) estimates for the growing trees. Observed phenology variability and differences in measured indices noted at canopy level of tropical tree species indicate their utility in providing better inputs to global land-surface phenology 47 . Accounting for different plant species, variability in their response to regional climate can be used to study the seasonality of ecosystem carbon exchange 48 . Phenology impacted variability in spectra and measured vegetation indices seen in the same species across SWS and MRF highlight how the same species tinkers with its leaf phenology cycle in tropical regions. Figure 9 gives the output of individual indices and Figure  10 shows an overlay analysis-based forest fuel load map. MRENDVI, MSI and PSRI were estimated using the equations given earlier in the text.
Fuel load estimation
The fuel load data could not be directly validated in the absence of field experiments designed for computing litter biomass and moisture content; however, actual fire counts from Suomi National Polar-Orbiting Partnership Visible Infrared Imaging Radiometer Suite (10 February 2016 to 7 June 2016) were checked (as proxy data) over different categories of fuel load ranging from 1 to 9. It was interesting to note that only 38% of fire events fell in the category range 5-9 (Table 5 ), owing to anthropogenic factors involved in forest fires. Moreover, the dryness conditions would have changed over a period of time and newer scenarios would have developed at the later dates.
Conclusion
AVIRIS data with higher spectral and spatial resolution can be used in species mapping and α-diversity mapping at community level. Accuracy achieved for the species classification is moderate (60%) due to intermixing of species, since image-based spectra are used for species mapping. Field spectra collected using spectroradiometer for individual species will improve the classification accuracy. Precise geographic location of individual tree species for extracting image-based spectra will help in reducing the effect of intermixing of species in these spectra.
AVIRIS-NG data with higher spectral and spatial resolution provided a unique opportunity to carry out biochemical-level spectroscopy of the forest landscape in SWS. Overall stress and dryness condition of the deciduous forests could be detected, which allowed us to accurately estimate the plant-level greenness or senescence conditions and availability of material as fuel, which was not possible through available multispectral observations.
